The quiescent Colli Albano volcano is presently characterised by moderate intensity earthquakes, seismic swarms, gas emissions and ongoing uplift that reflects the current evidences of its residual 
Introduction
Surface deformation detection of volcanoes is traditionally performed through repeated geodetic surveys over control networks. Geodetic data from these networks play an important role to determine the occurrence of magma injection and to forecast volcanic eruptions. Triangulation, levelling and tilt measurements were the first techniques used over tailor made networks established on several active volcanoes of the world since the end of the 19 th century. They provided the former valuable data for the detection of long and short term surface deformations of volcanoes (e.g. Dvorak 1995; Dvorak & Dzurisin 1997; Bonaccorso et al. 1995; Fernandez et al. 1999; Battaglia et al. 2003a,b) . Since the end of 1980s, the satellites of the Global Positioning System (GPS) become the primary tool for a space based geodetic monitoring of volcanoes, so that measurement campaigns are now carried out at different epochs, or alternatively are operated using a network of permanent stations (Anzidei et al. 1998; Battaglia et al. 2003a,b; Puglisi & Bonforte 2004; Janssen 2007; Troise et al. 2007 ). This technique has nearly completely substituted the conventional terrestrial optical and tilt measurements, due to the low costs, independence from weather and time (i.e. measures can be done with any atmospheric condition and during day and night), user friendly receivers, data reduction software availability and for the high accuracy (at mm level) with which it is possible to estimate the 3-D positions of geodetic benchmarks. After statistical and strain analysis, the geodetic results can be correlated or combined with volcanological and geophysical data thus providing a crucial contribution to mitigate the volcanic risk in dangerous areas, such as the case of cities on volcanoes (Anzidei et al. 1995) . Recently, the combination of punctual and spatial measurements from GPS and Synthetic Aperture Radar (SAR) satellite sensors, respectively, even if taken at different times (continuous or discrete GPS measurements and 35 days repeat cycle of the ERS satellites) have become a powerful tool to obtain spatial deformation rates and trends of volcanoes. The SAR signal processing technique, referred to as SAR Interferometry (InSAR), is now widely used in Earth's sciences demonstrating to have unique capabilities for mapping the topography and the deformation of the Earth surface. The InSAR approach is based on extracting the phase component of SAR data to compute the pixel-by-pixel difference of SAR signal relative to a specific area and acquired from nearby geometric conditions. The interferogram, i.e. the result of the interferometric processing, contains the measurement of the sensor to target distance and of any possible changed distance.
Since early 1990s the capabilities of InSAR technique have been exploited to study the surface displacements as effects of volcanic and seismic activities (Massonnet et al. 1995; Amelung et al. 2000; Salvi et al. 2004) . More generally InSAR demonstrated its capability to provide an accurate measure of surface deformations from space, being operative with every atmospheric condition, during day and night. Furthermore, the wide coverage of each image, the global coverage, the repetitiveness of the observations allow considering InSAR a valuable tool for the monitoring of volcanic areas during pre-crisis and syn-eruptive phases. (Dvorak 1991) , and in the volcanic arc of the Aeolian islands (Bonaccorso et al. 2002; Esposito et al. 2007; Bonforte & Guglielmino 2008; Esposito et al. 2009 ).
Recently, also the Colli Albani volcano has been studied using seismological, geodetic, and geochemical data (Amato & Chiarabba 1995; Chiarabba et al. 1997; Chiodini & Frondini 2001; Beaubien et al. 2003; Carapezza et al. 2003; Carapezza et al. 2005a; Carapezza & Tarchini 2007; Chiarabba et al. 2010, this volume; Carapezza et al. 2010, this volume; Riguzzi et al. 2009 
Levelling surveys
The levelling route no. 24 was set up in 1950 by the Italian Istituto Geografico Militare (IGM) ( In conclusion, the results obtained by the levelling surveys seems to indicate a pulsating inflation behaviour, so a longer and more continuous dataset, along with comparison with data from other measurement techniques are needed to reliably infer the deformation pattern and to model the source.
GPS data
To extend the monitoring of the Colli Albani, in 1995 a discrete GPS network consisting of 10 benchmarks was set up and repeatedly surveyed (Fig.1 ). The first results from this network were not highly significant, and only some minor horizontal deformations were detected (Anzidei et al. 1998 ). Since such network was not properly designed to detect vertical motion, due to the reduced accuracy of the GPS technique along this component, in 2006 three continuous GPS stations were installed as test sites to improve the detection of the vertical motion (Riguzzi et al. 2009) (Fig.1 ).
Compared to non-permanent networks, a continuous monitoring highly improves the accuracy of site velocity estimations by the analysis of long time series of GPS observations (Betti et al. 1999; Devoti et al. 2008) . Moreover, the recent development of the RING GPS permanent networks in
Italy (Selvaggi 2006) provides the necessary constraints to anchor the velocity field of this local network to the ITRF2005 reference system (Altamimi et al. 2007) , to refer local motions in a regional tectonic frame. (Fig. 3) . The continuous GPS observations have allowed to estimate, for the first time with this technique, the possible source of deformations. To model the source, the velocities of the Colli Albani sites were referred to the nearest sites external to the volcano edifice (INGR, M0SE and ROMA), to remove any regional pattern from the data. The simplest model able to fit the low number of available observations (14 measurements from 6 GPS stations, 4 rejected due to local effects) is a point-pressure source (Mogi 1958) . The source parameters were retrieved by a non-linear inversion based on the LevenbergMarquardt (LM) least squares approach. This LM algorithm is one of the most efficient and widely used optimization algorithm consisting in a combination of a gradient descent and Gauss-Newton iteration (Levenberg, 1944; Marquardt, 1963) . The non-linear inversion sets the point-source at a depth of about 4.7 km, on the western flank of the Colli Albani complex (Fig. 3) . Such results are in a good agreement with those from Salvi et al. (2004) , where a prolate ellipsoid double source is used to model DInSAR data. In terms of volume, the best-fit solution corresponds to an increase of 1.14×10 6 m 3 /year. The observed and modelled GPS rates are reported in Table 1, while in Table 2 the comparison between modelling parameters of Mogi source is shown.
Till now, GPS data confirm the uplift trend evidenced by leveling survey and PS-InSar. Plotting the uplift rate of each GPS site against the distance between the site itself and the center of the estimated Mogi source shown in Fig. 3 , a significant clear decrease is evidenced. The modeled and the GPS uplift trends well agree within the errors, even if the predicted rates appear underestimated with respect to those obtained from GPS surveys (Fig. 4) .
PSInSAR observation and data analysis
Recent remote sensing observation of the current deformation of the Colli Albani volcano were performed through the Permanent Scatterers (PS) InSAR technique. The PSInSAR technique is a methodological development of the classical Differential SAR Interferometry, which allows retrieving ground displacement velocity map (of the order of mm per year) thanks to its capability to improve the SAR measurement accuracy (Ferretti et al. 2001) . PSInSAR focuses on natural targets which have a good stability in term of backscattered signal in all the images of the dataset (the so called Permanent Scatterers, hereinafter PS) and these are considered for the calculation of the phase differences between acquisitions. The tropospheric bias to the phase signal cannot be neglected, hence it has to be estimated and removed. For this purpose a specific algorithm is applied.
The most recent SAR dataset used to study the Colli Albani area is composed by ERS1 and ERS2
images, for a total of 66 SAR descending acquisitions available from June 1992 to December 2000, whilst 34 images from April 1993 until November 2000 concern the ascending dataset (Salvi et al. 2004 ). More than 240000 and 280000 PS with a coherence greater than 0.7 were identified on the descending and ascending subsets respectively. PS velocities estimated along the line of sight (LOS) for both subsets, are shown in Fig. 5 . In general, the pattern of the velocity field is rather clear but for a better understanding of the deformation activity, the ascending and descending velocity maps are combined in order to extract the vertical and the horizontal components of the deformation field. In Fig. 6 are reported the resulting maps. It is worth noting that these maps show a less dense PS distribution because only the common PS within ascending and descending velocity maps can be combined. Moreover, the reported maps are re-sampled to a spatial grid of 200 m x 200 m per pixel.
An uplift zone, mainly located on the west part of the Colli Albani caldera complex is clearly evident. A maximum of about 2.5 mm/yr is measured by the PS close to the villages of Ariccia and Albano (Salvi et al. 2004 ).
The validation of the PS velocity map has been carried out through independent ground data. GPS measurements and optical levelling have been considered for this purpose (Fig. 1) , consequently the ten GPS benchmarks of the Colli Albani network (Anzidei et al. 1998) indicate that this volcano shows active deformations with uplift rates within 6 mm/year. These are mainly located in a well defined area that includes the surroundings of the Albano and Nemi lakes and the main villages of Marino, Albano and Ariccia, the area of the most recent volcanic activity (Funiciello et al. 2003; Giordano et al. 2006; Freda et al. 2006; De Benedetti et al. 2008) . Although this point is a still debated matter, there exist some evidences that last eruptions may have occurred during historical times in this area (Andretta & Voltaggio 1988) . Moreover gas emissions sources affects this part of the volcano (Funiciello et al. 2002; Carapezza et al, 2010a; Carapezza et al. 2010b ) and recent studies suggest that the Albano lake has undergone significant Holocene level changes and overflows, possibly related to lake rollovers triggered by injections of hot and CO 2 rich fluids at the base of the lake (Funiciello et al. 2003; Anzidei et al. 2008) .
The source of deformation based on GPS data was estimated as point-pressure source (Mogi 1958).
Modelling results set the point-source at a depth of about 4.6 km beneath the western flank of the volcano, leading to a volume variation of 3.6 ×10 -4 m 3 /year. These data are in agreement with PSInSAR data but rather different from levelling surveys.
Several decades of geodetic observations suggests that the Colli Albani volcano deserves the same monitoring and hazard assessment effort of any active volcano, especially when its location is within an urbanized area. Due to its potential hazard, this area should be systematically studied in order to timely recognize significant surface deformations related with the structure of the volcano or possibly to a non-linear trend of the shallow hydrothermal system. Fig.1 The geodetic networks of the Albano volcano. Gravimetric stations (white circles) are include in the map (after Riguzzi et al., 2009, modified) . Table 2 Comparison between modelling parameters of Mogi sources (Riguzzi et al. 2009 ).
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